Low efficiency of the 5' nontranslated region of hepatitis A virus RNA in directing cap-independent translation in permissive monkey kidney cells. by unknown
JOURNAL OF VIROLOGY, Aug. 1994, p. 5253-5263
0022-538X/94/$04.00+0
Copyright © 1994, American Society for Microbiology
Vol. 68, No. 8
Low Efficiency of the 5' Nontranslated Region of Hepatitis A
Virus RNA in Directing Cap-Independent Translation
in Permissive Monkey Kidney Cells
LINDA E. WHETTER,1 STEPHEN P. DAY,1t ORNA ELROY-STEIN,2 EDWIN A. BROWN,'t
AND STANLEY M. LEMONI*
Department of Medicine, The University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-7030,'
and Department of Cell Research and Immunology, Tel Aviv University, Tel Aviv, Israel 699782
Received 10 January 1994/Accepted 9 May 1994
To characterize in vivo the translational control elements present in the 5' nontranslated region (5'NTR) of
hepatitis A virus (HAV) RNA, we created an HAV-permissive monkey kidney cell line (BT7-H) that stably
expresses T7 RNA polymerase and carries out cytoplasmic transcription of uncapped RNA from transfected
DNA containing the T7 promoter. The presence of an internal ribosomal entry site (IRES) within the 5'NTR
of HAV was confirmed by using BT7-H cells transcribing bicistronic RNAs in which the 5'NTR was placed
within the intercistronic space, controlling translation of a downstream reporter protein (bacterial chloram-
phenicol acetyltransferase). However, translation directed by the 5'NTR in these bicistronic transcripts and in
monocistronic T7 transcripts in which the HAV 5'NTR was placed upstream of the chloramphenicol
acetyltransferase coding sequence was very inefficient compared with the translation of monocistronic
transcripts containing either the IRES of encephalomyocarditis (EMC) virus or a short nonpicornavirus 5'
nontranslated leader sequence. A large deletion within the HAV IRES (A355-532) eliminated IRES activity in
bicistronic transcripts. In contrast, larger deletions within the IRES in monocistronic transcripts (A1-354,
A1-532, A1-633, and A158-633) resulted in 4- to 14-fold increases in translation. In the latter case, this was
most probably due to a shift from IRES-directed translation to translation initiation by 5'-end-dependent
scanning. Translation of RNAs containing either the EMC virus IRES or the nonpicornavirus leader was
significantly enhanced by cotransfection of the reporter constructs with pEP2A, which directs transcription of
RNA containing the EMC virus IRES fused to the poliovirus 2AP"' coding region. This 2APr' enhancement of
cap-independent translation suggests a greater availability of limiting cellular translation factors following
2APr-mediated cleavage of the p220 subunit of the eukaryotic initiation factor eIF-4F and subsequent
shutdown of 5' cap-dependent translation. In contrast, pEP2A cotransfection resulted in severe inhibition of
translation directed by the HAV IRES in either monocistronic or bicistronic transcripts. This inhibition was
due to competition from the EMC virus IRES present in pEP-2A transcripts, as well as the expression of
proteolytically active 2APr'. 2APr'-mediated suppression of HAV translation was not seen with transcripts
containing large deletions in the HAV IRES (A158-633, A1-532, or A1-633). These data suggest that the HAV
IRES may have a unique requirement for intact p220 or that it may be dependent on active expression of
another cellular translation factor which is normally present in severely limiting quantities. It is likely that the
low translation efficiency of the HAV IRES contributes to the slow, minimally productive growth cycle of HAV
in cultured cells.
Hepatitis A virus (HAV) is the sole member of the Hepato-
virus genus of the family Picomaviridae. It is distinguished by its
lack of sequence relatedness with other picornaviruses and by
several unique biological characteristics, including slow, gen-
erally noncytopathic growth in cell culture and an inability to
shut down host cell protein synthesis (24, 39). As is the case for
other picornaviruses, HAV RNA possesses a lengthy 5' non-
translated region (5'NTR) containing numerous AUG codons
and is thought to lack a 5' 7mGpppN cap structure. The
5'NTRs of other picornavirus RNAs efficiently initiate trans-
lation in the absence of a 5'm7GpppN cap by directing the 40S
ribosomal subunit to bind to an internal site within the RNA
rather than at the 5' terminus. Although details of the mech-
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anism underlying internal ribosomal entry are not yet known, it
probably involves interaction of a group of secondary and/or
tertiary structural elements within the 5'NTR, collectively
termed the internal ribosomal entry site (IRES) or ribosomal
landing pad, with the 40S ribosomal subunit and a set of
cellular translation initiation factors (18, 32, 33).
Early support for the concept of internal ribosome entry
came from translation studies carried out both in vivo and in
vitro with a variety of picornavirus RNAs. These studies
demonstrated that insertion of 5'NTR sequences within the
intercistronic space of bicistronic RNAs promotes translation
of the second cistron in a manner that is independent of
translation of the upstream cistron. By using a similar strategy,
the existence of an IRES between nucleotides (nt) 161 and 734
of the 5'NTR of HAV has been demonstrated by analyzing
translation in rabbit reticulocyte lysates programmed with
bicistronic RNAs containing the 5'NTR of HAV within the
intercistronic space (3, 13). The presence of an IRES within
the 5'NTR of HAV is not a surprising finding, because the
predicted secondary and tertiary structures of the HAV 5'NTR
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share several features in common with the IRES of encepha-
lomyocarditis (EMC) virus, despite a lack of significant nucle-
otide sequence identity (2, 23).
Several studies have emphasized the importance of differ-
ences in the translation of picornavirus proteins in vivo and in
cell-free systems in vitro. Host factors specific to permissive
cells may facilitate poliovirus translation or correct aberrant
patterns of translation initiation which occur in rabbit reticu-
locyte lysates (16, 29, 32, 34). These observations are consistent
with other results which suggest that the ability of picornavirus
5'NTRs to effectively interact with elements of the cellular
translational machinery may be an important determinant of
host range. For example, attenuation of the Sabin poliovirus
vaccine strains appears to be dependent, at least in part, on the
presence of mutations in the 5'NTR which restrict the ability
of poliovirus RNA to be translated in cells of neuronal origin
(22, 37). Similarly, certain mutations in the 5'NTR of cell
culture-adapted, attenuated HAV variants promote growth of
the virus in a host cell-specific fashion (8). Such mutations
appear to alter the interaction of the 5'NTR with cell-specific
proteins in a manner which favorably influences an as yet
unidentified rate-limiting step in viral replication, which may
be viral translation. This hypothesis is supported by the recent
description of a hepatocyte-specific factor capable of enhanc-
ing HAV translation in vitro (14).
Cell type-specific restrictions in viral translation may be
important in the pathogenesis of hepatitis A but are unlikely to
be appreciated in cell-free translation studies with rabbit
reticulocyte lysates or in cells which are nonpermissive for
HAV replication. Thus, we sought to develop a relevant in vivo
system in which to characterize the function of the HAV IRES.
Elroy-Stein et al. (10, 11) demonstrated previously that a
murine cell line which constitutively expressed the bacterio-
phage T7 RNA polymerase supported cytoplasmic expression
of uncapped RNA transcripts from transfected plasmid DNA
containing the T7 promoter. We considered it likely that this
type of system would be useful for evaluating the translational
control elements of picornaviruses such as HAV. Thus, we
constructed an HAV-permissive cell line (BT7-H) that consti-
tutively expresses bacteriophage T7 RNA polymerase. These
cells are derived from a continuously cultured African green
monkey kidney cell line (BS-C-1), which is commonly used for
propagation of cell culture-adapted strains of HAV. HAV
5'NTR-directed translation in BT7-H cells was evaluated
following transfection with plasmids containing the reporter
gene chloramphenicol acetyltransferase (CAT) fused in frame
with the HAV 5'NTR, under transcriptional control of T7
promoter and terminator sequences. The results of these
experiments indicate that the HAV IRES is very inefficient at
promoting translation of uncapped transcripts in HAV-permis-
sive BT7-H cells and may have unique requirements for
cellular translation initiation factors.
MATERUILS AND METHODS
Plasmids. pOS2 contains the bacteriophage T7 RNA poly-
merase and neo resistance genes under transcriptional control
of the simian virus 40 virus early promoter. It was constructed
by inserting the 2.7-kb BamHI fragment from pSV2-neo (36)
into the BamHI site of pOSV-T7RP (11).
pHAV-CAT1 and pHAV-CAT2 contain the entire 5'NTR
of the cell culture-adapted HAV strain HM175/P16 (19)
ligated in frame with the CAT gene. These plasmids were
constructed in pB1.0 (3), which contains nt 1 to 2015 of
HM175/P16 virus flanked by the T7 polymerase promoter
sequence and polylinker region from pGEM-1 (Promega) and
by the T7 transcriptional terminator sequence from pGE-
MEX-2 (Promega). Throughout this paper, we use wild-type
numbering of the nucleotides in the genome of the HM175
strain of HAV (6). The CAT gene was amplified by PCR from
pCAT-Control (Promega), using the sense primer 5'-ATAA
TGAACATGTCTAGAAAAATCACT-3' (pHAV-CAT1) or
5'-GGACATGTCTAGAGAGAAAAAAATCACTG-3'
(pHAV-CAT2) and the antisense primer 3'-CTTATTCAC
TATTATTCGCCGGCGACC-5' (both constructs) to yield a
0.75-kb product with 5'- and 3'-terminal XbaI and NotI sites.
This was ligated to the large XbaI-NotI fragment of pB1.0,
resulting in the in-frame insertion of the CAT gene immedi-
ately downstream of the HAV 5'NTR. The pGEM1 polylinker
sequence was deleted between the unique SmaI and HindIlI
sites of pHAV-CAT1 to decrease the amount of vector se-
quence between the 5' end of the HAV RNA and the T7
promoter element. Mutants with deletions in the 5'NTR of
pHAV-CAT1 were subsequently constructed by digestion at
convenient restriction sites as follows: pAl-161, HindIII and
PstI; pAl-354, HindIII and HpaI; pAl-532, HindIlI and NsiI;
pAl-633, HindIII and BamHI; pA&86-248, AvrII; pA158-633,
PstI and BamHI; and pA355-532, HpaI and NsiI. Digests were
blunt ended with T4 DNA polymerase and then subjected to
religation.
pEMCV-CAT was constructed by inserting the 0.7-kb NcoI-
BamHI fragment of pT7EMCAT (10), containing the CAT
coding region, into Ncol and BamHI sites of the expression
vector pTM1, under the transcriptional control of the T7
promoter and downstream of the EMC virus 5'NTR (31).
pHAV-CAT3 and pHAV-CAT4, two additional plasmids con-
taining most of the HAV 5'NTR ligated in frame with the CAT
coding region, were constructed as follows. A 1.3-kbXbaI-NcoI
fragment was excised from pEMCV-CAT and replaced with a
0.8-kb XbaI-NcoI fragment, which was amplified by PCR from
pTM1 with oligonucleotide primers 5'-GCAAATCACTCA
ATATCTAGACT-3' and 5'-CAACGGTlTCCCTCTAGCG
AATTCCCATGGGGGG-3', to create pOS14. This elimi-
nated EMC virus sequence and created an NcoI site between
the CAT gene and the T7 promoter. HAV 5'NTR sequences
were amplified from pHAV/7 (HM175/P35 virus) (5) with
primers 5'-GGGGGCCATGGTTCAAGAGGGGTCTCCGG
G-3' or 5'-GGGGCCATCCITATTlAAGAATGAGGAAA-
3' and 5'-AAAACCCATGGTCATTATIATIhrAAGAATG
AGGAAA-3'. The resulting HAV 5'NTR sequences, lacking
the 5'-terminal 45 nt of the HAV genome, were inserted into
the Ncol site of pOS14 under regulation of the T7 promoter
and immediately upstream of the CAT coding sequence.
pLuc-HAV-CAT contains a bicistronic T7 transcriptional
unit in which an upstream luciferase coding region and a
downstream CAT coding region are separated by the HAV
5'-NTR in the intercistronic space. pLuc-HAV-CAT was con-
structed by inserting the luciferase coding region from pGEM-
luc (Promega) into pHAV-CAT1. The 1.7-kb ApaI-SalI frag-
ment of pGEM-luc was blunt ended and ligated to SmaI-
digested pHAV-CAT1, placing the luciferase gene within the
polylinker sequence upstream of the HAV 5'NTR in pHAV-
CAT1. pLuc-A355-532 was subsequently constructed by delet-
ing nt 355-532 of the HAV 5'NTR in pLuc-HAV-CAT,
between unique HpaI and NsiI sites. The deletion in the
5'NTR of pLuc-A355-532 was confirmed by restriction endo-
nuclease analysis.
pCN-CAT was constructed by ligating a 1.5-kb StuI-HpaI
fragment from pCAT-Control with the SmaI-NotI fragment of
pB1.0, which lacks all HAV sequence. pEP2A and pEP2A
(H20N), which, respectively, contain the coding regions for
wild-type and a protease-inactive mutant of poliovirus 2Apro
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fused to EMC virus 5'NTR sequence and under control of the
T7 promoter, were gifts from Richard Lloyd, University of
Oklahoma Health Science Center, and have been described
previously (40). pRSV-CAT contains the CAT coding region
under transcriptional control of the Rous sarcoma virus long
terminal repeat (15).
Cells. To produce the T7 RNA polymerase-expressing cell
line, BS-C-1 cells (obtained from the American Type Culture
Collection) were transfected with pOS2 by a liposome-medi-
ated transfection procedure (Lipofectin; Gibco BRL). Follow-
ing transfection, cells were maintained in Dulbecco's modified
Eagle's medium supplemented with 10% fetal bovine serum,
penicillin and streptomycin, and 500 p.g (active compound) of
geneticin (Gibco BRL) per ml. Geneticin-resistant colonies
were clonally isolated by limiting dilution and screened for T7
polymerase expression by an in vitro transcription assay, as
previously described (11). The ability of the T7 polymerase-
expressing cell lines to support replication of a cell culture-
adapted isolate of HAV (HM175/18f virus) (26) was confirmed
under one-step growth conditions described previously (8).
DNA transfections and reporter gene assays. Transfections
were carried out in six-well plates with 5 pg of plasmid DNA
and 30 Rl of Lipofectin or, for cotransfections, 7.5 pLg of total
plasmid DNA and 30 to 50 [L1 of Lipofectin. At 48 h posttrans-
fection, cells were lysed by freeze-thawing and CAT activity in
the lysates was determined by a phase extraction assay which
quantitates butyrylated ['4C]chloramphenicol products by liq-
uid scintillation counting following xylene extraction (pCAT
Reporter Gene Systems [Promega]). Except where noted, the
volume of each lysate assayed for CAT activity was adjusted to
compensate for differences in protein concentration deter-
mined by a Coomassie blue assay (Bio-Rad). Luciferase activ-
ity was determined by the Luciferase Assay System E1500
(Promega), using a BioOrbit 1250 luminometer (LKB-Wallac,
Turku, Finland).
To evaluate HAV 5'NTR-directed translation in cells that
were actively infected with HAV, we inoculated BT7-H cells
with HM175/18f virus (26) at a multiplicity of infection of 4
radioimmunofocus-forming units of virus per cell. Cells were
transfected with CAT plasmids at 24 h postinfection, and
lysates were assayed for CAT activity at 48 h posttransfection.
To confirm that the cells were producing HAV proteins at the
time of the CAT assay, infected and uninfected mock-trans-
fected cells were fixed in acetone, probed with radioiodinated
anti-HAV immunoglobulin G, and subjected to autoradiogra-
phy (25).
RNA analysis. CAT activity and Northern (RNA) blot assays
for RNA were performed simultaneously on BT7-H cells
transfected with CAT-expressing plasmids. At 48 h posttrans-
fection, approximately one-quarter of the cells present in
60-mm culture dishes were harvested for determination of
CAT activity as described above. Total cellular RNA from the
remaining cells was isolated for Northern analysis by a guani-
dine-phenol extraction procedure (TRISOLV RNA Isolation
Reagent; Biotecx Laboratories, Inc.). Contaminating plasmid
DNA was eliminated by digestion with RQO RNase-free
DNase (Promega). Northern blot analysis was carried out by
standard procedures (35) with a 32P-labeled probe represent-
ing the CAT gene from pCAT-Control. To quantify the total
amount of cellular RNA, blots were subsequently stripped of
probe and rehybridized with a probe representing the T7
polymerase and neo resistance genes from pOS2.
In some experiments, transcribed RNA was measured by
slot blot hybridization analysis. Serial twofold dilutions of total
cellular RNA, isolated as described above, were applied to
nitrocellulose by using a vacuum-assisted manifold (Minifold
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FIG. 1. (A) CAT activity present in lysates of monkey kidney cell
lines (BT7-H, BT7-L, or BS-C-1 cells) prepared 48 h after transfection
with pEMCV-CAT, as determined by a phase extraction radioassay.
Each vertical bar represents the amount of CAT activity in 50 il of
lysate prepared from a single transfected culture. Mock transfection
was carried out with BT7-H cells. (B) One-step growth curves of
HM175/18f virus in BS-C-1 cells (0), BT7-H cells (O), and BT7-L cells
(A). RFU, radioimmunofocus-forming unit of HAV.
II; Schleicher & Schuell). Under standard conditions, RNA
was hybridized with the CAT probe described above or with a
probe corresponding to the 5'NTR of HM175/18f virus.
In vitro transcription and translation reactions. pHAV-
CAT1, pzA355-532, pLuc-HAV-CAT and pLuc-A355-532 were
linearized with NotI downstream of the T7 terminator region.
RNA was transcribed from these templates by T7 RNA
polymerase with Riboprobe System II reagents (Promega).
Transcripts were analyzed by sodium dodecyl sulfate (SDS)-
agarose gel electrophoresis (0.1% SDS in 10% agarose) to
confirm their integrity and size (data not shown). The concen-
tration of RNA was estimated by spectrophotometry. Micro-
coccal nuclease-treated rabbit reticulocyte lysates (Promega)
were programmed with either 80 or 20 p.g of these RNAs per
ml and incubated at 30°C for 1 h. Translation products were
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
(12% polyacrylamide) or by reporter gene assay as described
above.
RESULTS
HAV-permissive cell lines which stably express T7 RNA
polymerase. Two cell lines which stably express T7 RNA
polymerase (BT7-H and BT7-L) were clonally isolated follow-
ing transfection of BS-C-1 cells with pOS2 and selection in the
presence of geneticin. On the basis of the results of in vitro
transcription assays, BT7-H cells expressed a higher level of T7
polymerase than BT7-L cells did (data not shown). Both of
these cell lines supported transcription from the T7 promoter
in vivo, as demonstrated by expression of CAT following
transfection with pEMCV-CAT, which contains the IRES of
EMC virus ligated in frame to CAT under control of the T7
promoter (Fig. IA). As expected, CAT expression was higher
in BT7-H cells than in BT7-L cells, reflecting differences in T7
polymerase expression. In contrast, BS-C-1 cells, which lack T7
polymerase, did not express appreciable amounts of CAT
following transfection with pEMCV-CAT. High levels of CAT
were detected in BT7-H cells at 1 and 2 days posttransfection
with pEMCV-CAT, and CAT activity remained detectable in
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these cells for at least 7 days following transfection (data not
shown).
Both BT7-H and BT7-L cells remained permissive for HAV
replication, as demonstrated by analysis of virus growth under
one-step growth conditions (Fig. 1B). However, replication
was slower in both T7-expressing cell lines than in BS-C-1 cells,
with an approximately 10-fold-lower yield of virus 24 h follow-
ing infection. This difference was matched by comparable
differences in the size of HM175/18f replication foci in radio-
immunofocus assays (data not shown). Nonetheless, the final
virus yields in BS-C-1 cells and the two T7-expressing cell lines
were comparable after several replication cycles (48 and 72 h
after inoculation) (Fig. 1B). Preliminary experiments sug-
gested that the total level of viral RNA transcribed under the
direction of T7 polymerase in cultures of BT7-H cells was
comparable to that present in HAV-infected BS-C-1 cell
cultures (data not shown).
Analysis of HAV 5'NTR-directed translation in BT7-H cells.
To compare the efficiency of translation directed by the HAV
and EMC virus 5'NTRs in vivo, we monitored CAT expression
following transfection of BT7-H cells with plasmid DNA
containing HAV or EMC virus 5'NTR sequences joined in
frame to the reporter gene CAT. pHAV-CATI and pHAV-
CAT2 contain the entire 5'NTR of HAV HM175/P16 (19), and
pHAV-CAT3 and pHAV-CAT4 contain all but the first 45 nt
of HAV HM175/P35 (5) (Fig. 2A). Both HAV strains are well
adapted to growth in BS-C-1 cells. Because fusion of the HAV
5'NTR to the CAT gene created minor but potentially impor-
tant changes in the sequence surrounding the initiator AUG
codons at the junction between the HAV 5'NTR and CAT,
which could conceivably affect translation efficiency, the four
pHAV-CAT constructs were designed to contain different
sequences in this region (Fig. 2A). In pHAV-CATI and
pHAV-CAT2, the first two amino acids of the CAT protein
were altered but the native sequence surrounding the two
possible HAV AUG initiation codons (38) was left intact.
pHAV-CAT3 and pHAV-CAT4 retained the native sequence
of the CAT protein but contained minor alterations in the
sequence context surrounding the HAV initiator codons. In
pHAV-CAT3, the second HAV initiator AUG codon was
deleted.
CAT expression following transfection with pEMCV-CAT
or pHAV-CAT plasmids is shown in Fig. 2B. Although there
were minor differences in the level of CAT expression follow-
ing transfection with the four pHAV-CAT constructs, each of
the pHAV-CAT plasmids expressed very little CAT (less than
1% of the levels obtained with pEMCV-CAT). Separate
experiments in which CAT expression was quantitated by using
a standard thin-layer chromatography assay demonstrated
barely detectable CAT expression from pHAV-CAT3 and
pHAV-CAT4 after a 10-day exposure (data not shown). Thus,
compared with the IRES of EMC virus, the HAV IRES is very
inefficient in directing translation of a downstream reporter
gene, even in HAV-permissive cells. Because each of the four
constructs contained a different sequence at the 5'NTR-CAT
ligation site (Fig. 2A), it is unlikely that these results were due
to alteration of the sequence context near the initiator AUGs.
pHAV-CATI and pHAV-CAT2 contain the sequence of the
entire HAV 5'NTR including the first 15 nt of the HAV open
reading frame and maintain the native context of both the first
and second initiator AUG codons. Similarly, poor translation
was unlikely to be related to errors in the 5'NTR sequence, as
two distinct sources of cDNA, derived from two different cell
culture-adapted variants of HAV, provided the 5'NTR se-
quences inserted in these constructs. The similar levels of
translation observed with pHAV-CAT3 and pHAV-CAT4
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FIG. 2. (A) Schematic showing the nucleotide sequence surround-
ing the initiator AUG codons (underlined) in HAV and in four
plasmids in which the HAV 5'NTR was fused to the CAT coding
region. Highlighted nucleotides differ from the viral sequence. Sym-
bols: open boxes, HAV 5'NTR sequence; cross-hatched box, P1 coding
region of HAV; stippled boxes, CAT coding region. Numbers above
each box represent the map location of the most 5' nucleotide (5'NTR
sequence) or codon (coding regions) present in the indicated se-
quence. The 5'NTR sequences in pHAV-CATl and pHAV-CAT2
were derived from HM175/P16 virus, and the 5'NTR sequences in
pHAV-CAT3 and pHAV-CAT4 were derived from HM175/P35 virus
(see Materials and Methods for details). pHAV-CAT1, used in most
subsequent experiments, contains 33 nt of polylinker sequence up-
stream of the 5' end of the HAV 5'NTR. (B) CAT activity in BT7-H
cell lysates 48 h following transfection with the indicated plasmids.
Dark and light stippled bars represent results from cultures transfected
as part of replicate experiments carricd out on different days. Mock,
mock transfection.
(Fig. 2) transfections confirm previous suggestions that the
second in-frame AUG within the polyprotein coding region is
not necessary for HAV translation (38).
In vivo cap-independent translation of RNA transcripts
lacking an IRES. To evaluate the efficiency of IRES-indepen-
dent translation of capped and noncapped transcripts in this
system, we compared CAT expression following transfection of
BT7-H cells with pEMCV-CAT, pCN-CAT, and pRSV-CAT.
pCN-CAT contains a T7 transcriptional unit representing the
CAT coding region preceded by a 53-nt nontranslated leader
sequence (Fig. 3A) terminating at an AUG in excellent context
for initiation of translation by 5'-end-dependent scanning,
based on rules proposed by Kozak (20). pRSV-CAT does not
contain the T7 promoter but directs synthesis of RNA by
nuclear transcription under control of the Rous sarcoma virus
long terminal repeat (15). pRSV-CAT transcripts thus have a
5' 7mGpppN cap, a 5' nontranslated leader of approximately
J. VIROL.
107
HAV RNA AND CAP-INDEPENDENT TRANSLATION 5257
A.
pHAV-CAT1
pEMCV-CAT
pCN-CAT
pRSV-CAT
B.
0
cn)
U)
iLi
c.
x
*-W
c)
a1)
C.)
U1)
0L
300
7mGpppG AnA,,
250k
200
150
100
50
0
- wt mut - wt mut - wt mut - wt mut
pEMCV-CAT pHAV-CAT pCN-CAT pRSV-CAT
FIG. 3. (A) Schematic showing RNA transcripts derived from
reporter constructs following transfection of BT7-H cells. Solid lines
preceding the CAT coding regions (open boxes) represent the 5'NTR
present in transcripts. pHAV-CATI, pEMCV-CAT, and pCN-CAT
transcription occurs in the cytoplasm under control of the T7 pro-
moter. pHAV-CAT1 (Fig. 2) and pEMCV-CAT transcripts contain
lengthy leaders with the IRES elements of HAV (nt 1 to 734) and
EMC virus (nt 260 to 836), respectively (shaded regions). The 5' leader
present in pCN-CAT transcripts is 53 nt long and does not contain a
picornavirus IRES element. pRSV-CAT undergoes nuclear transcrip-
tion under control of the Rous sarcoma virus long terminal repeat, and
pRSV-CAT transcripts contain a nontranslated leader sequence about
70 nt long with a 5' 7mGpppG cap structure. Only pRSV-CAT
transcripts should contain a 3' poly(A) track. (B) CAT expression in
BT7-H cells 48 h after cotransfection with the indicated reporter
construct (pEMCV-CAT, pHAV-CAT, pCN-CAT, or pRSV-CAT)
and either pEP2A, expressing wild-type poliovirus 2APr" (wt, solid
bars), or pEP2A(H20N), expressing a mutant protease-inactive form
of 2APro (mut; stippled bars). Results of cotransfections are presented
as the mean percentage of the CAT activity following transfection only
with the reporter construct in replicate paired cultures (open bars).
70 nt, and a 3' poly(A) tail. As expected, much less CAT was
expressed from pCN-CAT than from pEMCV-CAT (4.9 x 104
versus 3.3 x 106 cpm in a typical experiment), which possesses
an efficient IRES. CAT expression from pRSV-CAT (2.3 x
105 cpm in the same experiment) also exceeded CAT expres-
sion from pCN-CAT, despite much lower RNA levels at this
time following transfection (see below). These results confirm
that uncapped pCN-CAT RNA was less efficiently translated
than capped RNAs or RNA transcripts containing an efficient
IRES.
The low-level translation of pCN-CAT transcripts is likely to
have occurred by a 5'-end-dependent mechanism since these
transcripts lack any known IRES sequence. To confirm that
translation of these RNAs was indeed cap independent and
not reflective of a low level of capped transcripts produced by
polymerases in the nucleus of transfected cells, we compared
translation of pCN-CAT, pRSV-CAT, and pEMCV-CAT tran-
scripts in the presence and absence of simultaneous poliovirus
2A protease (2APrO) expression (Fig. 3B). Poliovirus 2APro
induces proteolytic cleavage of the p220 subunit of the cap-
binding complex eIF-4F (21, 28), resulting in inhibition of
cellular protein synthesis by preventing cap-dependent initia-
tion of translation (30). Poliovirus 2APr' may also suppress
nuclear RNA polymerase II transcription by an undetermined
mechanism (7). The translation of picornavirus proteins, being
IRES and not cap dependent, would be expected to continue
in the presence of poliovirus 2APr". Poliovirus 2APr" was
expressed in BT7-H cells by cotransfecting CAT-expressing
plasmids with pEP2A, which contains the EMC virus IRES
fused to the poliovirus 2APr" coding region, under control of
the T7 promoter (40). As expected, CAT expression from
capped RNAs derived from pRSV-CAT was nearly abolished
in the presence of poliovirus 2APro (Fig. 3B). As a control for
these experiments, cells were also cotransfected with
pEP2A(H20N), which expresses a proteolytically inactive mu-
tant 2APro) (40). Compared with pEP2A, cotransfection with
pEP2A(H20N) resulted in only a minimal reduction in CAT
expressed from pRSV-CAT (Fig. 3B).
In sharp contrast, CAT expression from pCN-CAT was
consistently enhanced (three- to fivefold) when cells were
cotransfected with pEP2A (Fig. 3B). 2APr() coexpression re-
sulted in a similar degree of enhancement of translation of
pEMCV-CAT transcripts. Stimulation of translation was de-
pendent on the protease activity of 2Apro, because cotransfec-
tion with pEP2A(H20N) did not enhance CAT expression
from these plasmids (Fig. 3B). The lack of inhibition of
translation in the presence of 2APro confirms that pCN-CAT
RNA was translated by a cap-independent mechanism. The
enhancement of CAT expression from both pEMCV-CAT and
pCN-CAT by poliovirus 2APro was most probably due to
elimination of a competitive advantage normally held by
capped cellular mRNAs for binding of cellular translation
factors that are present in limiting quantities. The enhance-
ment seen with pCN-CAT transcripts demonstrates that en-
hancement of cap-independent translation by poliovirus 2APr,
does not require the presence of an IRES.
The ability to detect significant levels of cap-independent
translation of CAT following transfection with pCN-CAT
demonstrated that the BT7-H expression system, which com-
bines T7 polymerase-directed cytoplasmic transcription of
RNA with an enzymatic reporter gene assay, provides a very
sensitive method for monitoring translation of uncapped
RNAs in vivo. That CAT expression from pCN-CAT signifi-
cantly exceeded expression from pHAV-CATI (7.8 x 104
versus 1.4 x 104 cpm in the experiment whose results are
shown in Fig. 3B) reinforced the earlier observation (Fig. 2)
that RNAs containing the full-length HAV 5'NTR were
translated extremely poorly in vivo.
Interestingly, there was marked inhibition of translation
directed by the HAV 5'NTR following cotransfection of
pHAV-CAT1 and pEP2A (Fig. 3B). Cotransfection with
pEP2A(H20N) also resulted in suppression of HAV transla-
tion, suggesting that this effect might be due at least in part to
competition between the HAV IRES and the EMC virus IRES
(3) present in the 2APro transcripts. However, the suppression
of pHAV-CAT1 translation was always substantially greater
with pEP2A cotransfection, suggesting that expression of a
proteolytically active 2APpro contributed specifically to this
suppressive effect. When measured 16, 24, and 48 h after
transfection, the 2APro suppression of CAT expression from
pHAV-CAT1 and pRSV-CAT was greatest at 48 h, when
2Apro stimulation of pCN-CAT translation was maximal (Fig.
4).
HAV IRES activity in bicistronic RNAs. Although we have
shown previously that the HAV 5'NTR contains an IRES
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FIG. 4. Effect of poliovirus 2APro on levels of CAT expressed
from pCN-CAT (0), pHAV-CAT1 (O), or pRSV-CAT (A) at
various times following cotransfection of BT7-H cells with pEP2A
or pEP2A(H20N). Results are expressed as the ratio of CAT
(counts per minute) expressed following cotransfection with pEP2A
and pEP2A(H20N). Error bars represent the standard error of ratio
values obtained with triplicate paired cultures in this experiment.
which is capable of directing internal initiation of translation in
rabbit reticulocyte lysates (2, 3), the data presented in Fig. 2
and 3 are consistent with the absence of appreciable HAV
IRES activity in permissive cells in vivo. To formally demon-
strate the presence of HAV IRES activity in BT7-H cells, we
modified pHAV-CAT1 by placing the coding region for firefly
luciferase within the residual polylinker sequence upstream of
the HAV 5'NTR (Fig. 5A). Expression of CAT from the
resulting bicistronic plasmid (pLuc-HAV-CAT) would be ex-
pected to occur by internal ribosomal entry if the 5'NTR
placed in the intercistronic space contained a functional IRES.
As a control for these experiments, pLuc-HAV-CAT was
compared with a second bicistronic construct, pLuc-A355-532,
which contains a large deletion within the HAV 5'NTR which,
as we have shown previously (3), results in loss of IRES activity
in reticulocyte lysates (Fig. SA). RNAs transcribed in vitro
were used to program translation in rabbit reticulocyte lysates.
As expected, CAT expression was strongly dependent on the
presence of the intact 5'NTR (Fig. SB), with the 178-nt
deletion present in the 5'NTR in pLuc-A355-532 resulting in a
substantial reduction of CAT translation relative to the
amount of luciferase expressed. This result was particularly
evident at the lower concentration of RNA tested (20 ,ug/ml),
at which the ratio of expressed CAT activity to luciferase
activity (measured in enzymatic assays) was 24.0 cpm/light unit
for pLuc-HAV-CAT and 3.9 cpm/light unit for pLuc-A355-
532. When reticulocyte lysates were programmed with the
analogous monocistronic RNAs (pHAV-CAT1 and pA355-
533) (Fig. SA), comparable differences in the relative levels of
CAT translation were observed (81,117 versus 9,606 cpm) (Fig.
5B). The amount of CAT translated from the monocistronic
RNAs was severalfold greater than that translated from the
bicistronic RNAs, most probably reflecting the greater length
of the bicistronic transcripts as well as the presence of two
FIG. 5. In vitro translation in rabbit reticulocyte lysates pro-
grammed with bicistronic and monocistronic transcripts encoding CAT
under translational control of the HAV 5'NTR. (A) Organization of
the T7 transcripts. (B) Autoradiogram of SDS-PAGE gel showing
products of in vitro translation reactions. The farthest left lane
represents the products of a control translation reaction in which no
RNA was added. Lanes 1 to 4 represent products of translation
reactions programmed with transcripts labeled 1 to 4 in panel A, at
either 80 pg/ml (lanes a) or 20 p.g/ml (lanes b).
active reading frames (3). These results thus confirm our
previous demonstration of an IRES within the HAV 5'NTR
which is active in rabbit reticulocyte lysates.
Similar results were obtained when these bicistronic plas-
mids were transfected into BT7-H cells (Table 1). Much higher
CAT/Luc ratios were obtained in the in vivo system than in the
rabbit reticulocyte lysates, reflecting relatively poorer in vivo
translation of the upstream Luc cistron in these uncapped
transcripts. Translation of the downstream cistron (CAT) was
strongly dependent on the presence of an intact IRES in the
intercistronic space. Relative to the amount of luciferase
expressed from each plasmid, the 5'NTR deletion in pLuc-
A355-532 resulted in a greater than 99% reduction in CAT
expression. These data thus demonstrate that the HAV IRES
is indeed functional in BT7-H cells. Also, similar to the results
of the in vitro translation experiments (Fig. 5), the level of
CAT activity expressed following transfection of the bicistronic
plasmid DNA was reproducibly lower than that obtained
following transfection of the monocistronic plasmid.
TABLE 1. Translation directed by bicistronic transcripts in BT7-H
cells in the presence and absence of poliovirus 2APro
Plasmid Luciferase activity CAT activity Mean
transfected (light units)' (cpm)a CAT/Luc
pLuc-HAV-CAT 1.93, 2.15 15,555, 8,970 5,976
pLuc-HAV-CAT + 15.9, 13.4 411, 446 29
pEP2A
pLuc-HAV-CAT + 1.47, 0.90 3,112, 2,431 2,339
pEP2A(H20N)
pLuc-A355-532 9.74, 7.71 113, 127 14
pLuc-A355-532 + 32.8, 22.6 77, 127 4
pEP2A
pLuc-A355-532 + 2.94, 2.04 102, 24 25
pEP2A(H20N)
" Values shown are for replicate transfected cultures.
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FIG. 6. Schematic showing pHAV-CAT1 (Fig. 2) and 5'NTR deletion mutants, in relation to the proposed secondary structure of the HAV
5'NTR. Solid lines represent the 5'NTR of HAV; dashed lines represent deletions within the NTR; shaded boxes represent the CAT coding region.
Triangles represent the location of potential AUG initiation codons, with open triangles representing those which are in the same reading frame
as the HAV polyprotein (or CAT). To the right are the averages and ranges of CAT activities obtained in replicate experiments with each of the
deletion mutants, expressed as multiples of the activity present following transfection of BT7-H cells with pHAV-CAT1. The heavy bar and arrow
represent the location of the IRES and its approximate 5' border within the linear sequence of the 5'NTR and the proposed model of the NTR
secondary structure, respectively, as deduced from in vitro studies (3). Arrows superimposed on the secondary-structure model indicate the
position of restriction sites used for construction of the deletion mutants, and the small open boxes indicate the location of the initiator AUG
codons.
As shown in Fig. 3 and 4, coexpression of proteolytically
active poliovirus 2APro consistently suppressed the transla-
tional activity of monocistronic transcripts containing the
full-length HAV 5'NTR. This suppressive effect of 2Apro on
HAV IRES activity was also evident in cells transfected with
bicistronic plasmids (Table 1). Cotransfection of pLuc-HAV-
CAT with pEP2A resulted in a greater than 99% reduction in
the quantity of CAT expressed relative to the quantity of
luciferase. In the experiment whose results are summarized in
Table 1, this effect was due to a 28-fold decrease in CAT
expression coupled with a 7-fold increase in luciferase expres-
sion. The increase in luciferase expression with coexpression of
2Apro was similar in magnitude to that seen with the uncapped
pCN-CAT transcripts (Fig. 3B). In contrast, coexpression of
the protease-inactive 2Apro mutant from pEP2A(H20N) re-
sulted in only a 4.4-fold decrease in expression of CAT and
only a slight decrease in expression of luciferase. These results
thus confirm that the expression of active 2Apro, under trans-
lational control of the EMC virus IRES, results in suppression
of HAV IRES activity.
HAV 5'NTR structural elements which control translation
in vivo. To determine the extent to which the translation of
monocistronic pHAV-CAT1 transcripts in vivo was dependent
on the presence of specific structural elements within the
5'NTR, we made a series of deletions within the 5'NTR of
pHAV-CAT1. The location of these deletions within the
secondary structure of the 5'NTR and the amount of CAT
activity expressed from each of these constructs, relative to
expression from pHAV-CAT1, are shown in Fig. 6. Surpris-
ingly, with the exception of pA86-248, transfection of BT7-H
cells with each of the constructs containing deletions in the
HAV 5'NTR resulted in substantially more expression of CAT
than did transfection with pHAV-CAT1. pAl-161, in which a
5'-terminal hairpin, two potential pseudoknots, and a lengthy
pyrimidine-rich track were deleted from the region upstream
of the HAV IRES (Fig. 6), represented the HAV construct
that was most analogous to pEMCV-CAT, which contains nt
260 to 836 of the EMC virus 5'NTR (Fig. 3A). pAl-161
transfection resulted in approximately fivefold-greater expres-
sion of CAT compared with transfection with pHAV-CAT1,
suggesting that the deleted 5'NTR sequence upstream of the
IRES may be inhibitory to translation. Nonetheless, transfec-
tion with pAl-161 still resulted in 40-fold less CAT expression
than did transfection with pEMCV-CAT (data not shown).
The HAV construct which resulted in the highest levels of
CAT expression was pAl-354 (approximately 10-fold greater
Li A
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than with pHAV-CAT1) (Fig. 6). This was a surprising result,
as this deletion mutation substantially (but not completely)
abolished IRES function in bicistronic RNAs used to program
rabbit reticulocyte lysates for translation in vitro (3). Further
deletions from the 5' end moderately decreased translation in
vivo but to levels that were still four- to sixfold greater than
that observed with pHAV-CAT1 (Fig. 6). A construct with a
large internal deletion which effectively abolished HAV IRES
activity in bicistronic RNAs in reticulocyte lysates (3), pAl158-
633, also resulted in expression of about sevenfold-higher
levels of CAT than did pHAV-CAT1. The results of these
experiments, which do not distinguish between IRES-depen-
dent and 5'-end-dependent translation initiation, suggested
that deletions in the HAV 5'NTR may increase translation of
a downstream reading frame by removing secondary-structure
elements which are inhibitory to scanning. An alternate hy-
pothesis, i.e., that certain deletions may have modified the
tertiary structure of the IRES in a way that improves its access
to translation factors or the 40S ribosomal subunit, appears
much less likely given results obtained with in vitro translation
of bicistronic constructs having similar deletions (3).
The deletion of sequences within or at the 5' end of the
5'NTR could result in inappropriate initiation at one or more
of the several AUG codons present within the residual 5'NTR
sequence (Fig. 6). This could potentially lead to changes in the
activity of the expressed CAT product. To evaluate this
possibility, we examined the products of translation reactions
in rabbit reticulocyte lysates programmed with RNA tran-
scripts prepared from pHAV-CAT1, pAl-354, pAl-532,
pA86-248, and pA532-634. In each case, the dominant prod-
ucts of translation had the expected molecular mass as deter-
mined by migration in SDS-PAGE, indicating that translation
was initiating at the appropriate AUG (data not shown).
To confirm that the differences in CAT expression we
observed following transfection of BT7-H cells with various
plasmid constructs in these experiments were not due to
differences in RNA transcription or stability, we evaluated
CAT activity and CAT RNA levels simultaneously in trans-
fected cells (Fig. 7). There were significant differences in the
amount of CAT expressed from the various pHAV-CAT
constructs in this experiment, consistent with the results de-
scribed above. However, comparable amounts of CAT RNA
were present in cells transfected with each of the constructs, as
determined by Northern blot analysis of total cellular RNA
with a DNA probe specific for the CAT gene. That similar
amounts of total cellular RNA were present in each lane in Fig.
7A was demonstrated by stripping the blot and rehybridizing it
with a probe specific for the T7 polymerase and neo genes,
which are constitutively expressed in these cells (data not
shown). The mobilities of the CAT RNAs observed in the
Northern analysis were consistent with expected differences in
the sizes of the various transcripts, suggesting that the RNA
transcripts were predominantly full length (the expected length
of pCN-CAT transcripts was about 1520 nt, because of the
inclusion of sequence downstream of the CAT gene in pCN-
CAT). Some degradation of the RNA transcripts was apparent
in each of the lanes in Fig. 7A. However, degradation was least
evident with the full-length pHAV-CAT1 transcript and is thus
unlikely to be responsible for the marked differences in CAT
activities following transfection of these constructs in the
experiments shown in Fig. 6 and 7. Slot-blot hybridization of
serially diluted total-cell RNA confirmed that similar levels of
CAT RNA were present in cells transfected with pEMCV-
CAT, pHAV-CAT1, or pCN-CAT, despite the slight differ-
ences in CAT RNA levels suggested in Fig. 7A (data not
shown). Taken together, the results of these experiments
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FIG. 7. (A) Northern blot analysis of whole-cell RNA extracted
from transfected BT7-H cell cultures probed with [32p]DNA specific
for CAT. The plasmids used for transfection of each culture are shown
at the top of each lane. (B) CAT activities present in lysates of the
same transfected cultures.
strongly support the conclusion that levels of CAT expressed
following transfection of BT7-H cells with plasmids containing
the various 5'NTR sequences reflect intrinsic differences in the
translation efficiency of the RNAs and not differences in
transcriptional efficiency of plasmids or stability of the tran-
scribed RNA.
Translation directed by HAV 5'NTR deletion mutants in the
presence of poliovirus 2APr0. As shown above, translation of
CAT from monocistronic (pHAV-CAT1 [Fig. 3 and 4]) and
bicistronic (pLuc-HAV-CAT [Table 1]) transcripts was sub-
stantially inhibited by coexpression of poliovirus 2APrO, in
contrast to the increases observed in cap-independent transla-
tion of CAT from pEMCV-CAT and pCN-CAT transcripts as
well as luciferase from pLuc-HAV-CAT transcripts (Fig. 3B;
Table 1). To further explore this difference, the HAV deletion
mutants shown in Fig. 6 were cotransfected with pEP2A or
pEP2A(H20N). CAT expression from pAl-161 and pAl-354
was decreased, not enhanced, in the presence of poliovirus
2APro (Fig. 8), resembling the results obtained with the full-
length 5'NTR in pHAV-CAT1 and pLuc-HAV-CAT. In the
experiment depicted in Fig. 8, cotransfection with pEP2A
(H20N), which expresses a protease-inactive 2Apro, reduced
the expression of CAT to levels that were 65 and 62%,
respectively, of that observed following solo transfection of
these 5'NTR deletion mutants. Greater suppression of CAT
expression occurred following cotransfection with pEP2A,
resulting in CAT levels that were 38% (pAl-161) and 67%
(pAl-354) of the CAT levels following cotransfection with
pEP2A(H20N). In sharp contrast, pEP2A cotransfection with
pAl-532, pAl-633, and pAl158-633 resulted in a four- to
ninefold increase in the expression of CAT relative to CAT
levels expressed following cotransfection with pEP2A(H20N)
(Fig. 8). The results of pEP2A cotransfection with these
constructs, which contain large deletions rendering the HAV
IRES inactive in vitro (3), thus resembled the results obtained
with pEMCV-CAT and pCN-CAT (Fig. 3B).
HAV 5'NTR-directed translation in HAV-infected cells. It
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FIG. 8. CAT expression in BT7-H cells transfected with the indi-
cated plasmids alone (open bars) or cotransfected with the indicated
plasmid plus pEP2A (solid bars, wt) or pEP2A(H20N) (stippled bars,
mut). See the legend to Fig. 3 for details.
has been suggested that 2APro might have a transactivating
effect on poliovirus translation that is independent of host cell
protein synthesis shutdown (4, 16). Although HAV appears to
lack a functional 2A protease (39), we considered the possi-
bility that HAV translation is facilitated in a similar fashion by
an unspecified HAV-encoded protein and that the inefficient
HAV IRES-directed translation observed in our experiments
reflects the lack of this protein. To test this hypothesis, we
assessed CAT expression in BT7-H cells that were infected
with the rapidly replicating, cytopathic HAV variant, HM175/
18f (26). However, CAT expression from pHAV-CAT1 and
pHAV-CAT3 was moderately reduced, not enhanced, in
HM175/18f-infected BT7-H cells (data not shown). The HAV-
infected cells contained substantial quantities of viral antigen
at the time of harvesting for determination of CAT activities,
as indicated by a modified radioimmunofocus assay procedure.
DISCUSSION
The general mechanism of cap-independent translation of
picornavirus RNAs, including HAV RNA (2, 3, 13), has been
extensively studied in vitro. However, results obtained with
cell-free systems may be misleading, because viral RNAs do
not compete with cellular RNAs for limiting translation factors
and certain cell-type-specific translation factors may be lack-
ing. Thus, various strategies have been developed to study
picornavirus translation in vivo. We studied HAV translation
in a newly constructed HAV-permissive cell line (BT7-H) in
which uncapped monocistronic RNAs were produced in the
cytoplasm by constitutively expressed T7 polymerase. The
high-level cytoplasmic transcription of uncapped monocis-
tronic RNAs in this system closely approximates conditions
that are present during picornavirus infections and allows a
unique assessment of IRES function.
We compared translation of monocistronic RNAs contain-
ing the HAV IRES with translation of those containing the
EMC virus IRES in BT7-H cells by using a sensitive reporter
gene assay to detect the products of translation. The EMC
virus IRES efficiently directs cap-independent internal initia-
tion of translation in a wide range of in vivo and in vitro
translation systems (9, 17, 18). Thus, it was not surprising to
find that uncapped RNAs containing the EMC virus IRES
were translated much more efficiently in transfected BT7-H
cells than were pCN-CAT-derived RNAs which contain a 53-nt
nonpicornavirus leader sequence (Fig. 3B). The existence of an
IRES within the 5'NTR of HAV (3) was confirmed in BT7-H
cells transcribing bicistronic RNA in which the HAV 5'NTR
was placed within the intercistronic space, controlling transla-
tion of the downstream cistron (Table 1). However, both
bicistronic and monocistronic transcripts containing the HAV
IRES were translated extremely poorly in these HAV permis-
sive cells. Strikingly, monocistronic HAV IRES-containing
transcripts were translated even less efficiently than were
uncapped pCN-CAT transcripts (Fig. 7).
One possible explanation for the poor activity of the HAV
reporter constructs is that the IRES of HAV extends into the
P1 coding region. This has not been demonstrated for any
other picornavirus but has been suggested recently for hepati-
tis C virus (currently classified within the family Flaviviridae)
(19a). This is an unlikely explanation for the low IRES activity
observed for HAV, because 15 nt of the HAV open reading
frame, a length approximating that claimed for the extension of
the HCV IRES into the polyprotein (about 13 nt), is included
in pHAV-CAT1 and pHAV-CAT2. Moreover, translation of
the full-length reporter construct in rabbit reticulocyte lysates
was approximately as efficient as that of constructs containing
the full-length 5'NTR fused to a truncated P1 polyprotein
coding region (3). Unidentified errors in the 5'NTR sequences
of the reporter constructs are not likely to be the cause of the
low translational activity observed in vivo, because the 5'NTR
sequences in the four reporter constructs shown in Fig. 2 were
derived from two separate cDNA clones. Moreover, replace-
ment of the 5'NTR sequence in pLuc-HAV-CAT with the
5'NTR from an infectious HAV cDNA clone did not affect the
level of CAT expression from this construct (data not shown).
We found that translation from monocistronic transcripts
was significantly enhanced by several large deletions (pAl-532,
pAl-633, and p/A158-633) which are known to effectively
eliminate HAV IRES activity from bicistronic transcripts in
vitro (3). These results are consistent with the notion that
translation mediated by a very poorly functioning IRES may be
superseded by an initiation mechanism dependent on 5'-end-
dependent scanning when secondary structure is destroyed by
deletion (2, 18). The fact that such large deletion mutations
within the 5'NTR of HAV have not occurred during passage of
the virus in BS-C-1 cells suggests that this region of the 5'NTR
may also be required for functions other than translation which
are essential for viral replication.
We used coexpression of poliovirus 2APr0 to help distinguish
between 5' 7mGpppN cap-dependent and cap-independent
mechanisms of translation initiation. Poliovirus 2APro mediates
the cleavage of the p220 component of eIF-4F, resulting in the
shutdown of translation of capped cellular mRNAs (21, 28).
2APrO coexpression substantially inhibited translation of the
capped pRSV-CAT transcripts in transfected BT7-H cells, as
expected, but did not inhibit pCN-CAT translation (Fig. 3B).
Thus, translation of pCN-CAT transcripts in BT7-H cells
appeared to occur by a cap-independent mechanism. Because
the 53-nt nonpicomavirus leader sequence present in pCN-
CAT does not contain an IRES element, this translation was
most probably due to scanning of ribosomes from the 5' end of
the RNA. A similar cap-independent but 5'-end-dependent
mechanism is likely to be responsible for the translation of
HAV transcripts with substantial deletions within the IRES
(mutants with deletions beyond nt 355) (Fig. 6).
We found that the translation of several uncapped RNAs
was substantially enhanced by the coexpression of poliovirus
2APro (Fig. 3B and 8). Both uncapped transcripts from pCN-
CAT and uncapped transcripts containing the EMC virus
IRES were translated more efficiently in the presence of 2APro
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(Fig. 3B). Although it has been suggested that 2APro (or the
products of p220 cleavage by 2APrO) may stimulate poliovirus
translation by a direct transactivating effect on the poliovirus
IRES (4, 16), the enhancement of cap-independent translation
that we observed was not specific to IRES-containing RNAs
and was therefore more probably due to the increased avail-
ability of limiting cellular translation factors following the
shutdown of cap-dependent cellular mRNA translation. HAV
transcripts which contained substantial deletions within the
HAV IRES were also translated more efficiently in the pres-
ence of 2Apro (Fig. 8). In contrast, 2Apro coexpression signif-
icantly inhibited translation from both monocistronic tran-
scripts containing the full-length 5'NTR (Fig. 3B) and
bicistronic transcripts in which a functional HAV IRES was
placed within the intercistronic space (Table 1).
These experiments were complicated by the fact that the
EMC virus IRES was present in transcripts derived from the
plasmids used for efficient cap-independent expression of the
wild-type and proteolytically inactive mutant 2Apro. In previ-
ous work, we have shown that the EMC virus IRES strongly
outcompetes the HAV IRES for essential translation initiation
factors in rabbit reticulocyte lysates (3). Cotransfection with
pEP2A(H20N), which expresses the proteolytically inactive
2Apro mutant, generally decreased CAT expression from all of
the HAV constructs tested, consistent either with such com-
petition between the two IRES elements or with template
competition for T7 RNA polymerase. However, the reduction
in CAT expression was always greater with pEP2A, which
expresses the active protease, than with pEP2A(H20N) (Fig. 3,
4, and 8; Table 1). The 2APro-specific reduction in HAV IRES
activity is unlikely to be due to suppression of T7 polymerase
synthesis in BT7-H cells, because both luciferase expression
from bicistronic transcripts and CAT expression from
pEMCV-CAT were increased with 2Apro coexpression (Table
1; Fig. 3B). Thus, when taken together, the results of these
experiments strongly suggest that HAV IRES activity is signif-
icantly suppressed in the presence of proteolytically active
poliovirus 2Apro.
This surprising observation suggests several possibilities.
First, 2APro-mediated suppression of cap-dependent initiation
of cellular mRNA translation might result in the release of a
sequestered translation factor which is inhibitory to HAV but
not EMC virus IRES activity. Although this hypothesis is a
formal possibility, there is no direct evidence favoring it. A
second possibility is that the HAV IRES has a requirement for
the p220 component of eIF-4F and that 2APro-mediated
cleavage of p220 directly inhibits HAV IRES activity. In
support of this hypothesis, eIF-4F has been shown to play a
role in the translation of uncapped 3-globin mRNA in vitro
(12). Moreover, the addition of purified eIF-4F to an in vitro
translation system resulted in stimulation of internal initiation
of translation mediated by the poliovirus IRES (1). However,
if this is the case, the HAV IRES must have a uniquely high
requirement for eIF-4F, because the EMC virus and poliovirus
IRES elements function efficiently in the presence of 2APro. A
third possibility is that 2Apro acts indirectly on the HAV IRES
by suppressing the synthesis of a short-lived and severely
limiting cellular factor which is required for HAV IRES
activity in vivo. This last hypothesis is consistent with the very
high concentrations of HAV RNA required for efficient trans-
lation in reticulocyte lysates (3), as well as with results of
genetic studies which indicate that selected mutations occur-
ring within the 5'NTR of HAV during adaptation of the virus
to growth in cell culture enhance virus replication in a remark-
ably host-cell-specific fashion (7). Finally, a fourth possibility is
that the enhancement of the translational activity of the EMC
virus IRES which was observed in the presence of active 2APro
(Fig. 3B) confers upon it an additional advantage with respect
to its ability to compete with the HAV IRES for essential
translation factors. Further experiments are required to distin-
guish between these various possibilities.
The striking functional differences we observed between the
IRES elements of EMC virus (which replicates efficiently in
cell culture) and HAV (which does not) suggests that weak
IRES function may contribute substantially to the slow growth
of HAV in cell cultures. It is not known whether wild-type
HAV replicates as poorly in hepatocytes as cell culture-
adapted strains do in cell cultures (24), although such a
hypothesis is consistent with available data. Unlike many other
picornaviruses, HAV does not induce shutdown of host cell
protein synthesis (39). This suggests that the apparent advan-
tages other picornaviruses gain by the shutdown of host cell
protein synthesis may be outweighed in HAV by a more
compelling requirement to maintain hepatocyte viability. Al-
though the experiments described in this report do not provide
an estimate of the efficiency with which the wild-type HAV
IRES might promote translation in its natural host cell, the
human hepatocyte, a weakly functioning IRES could play an
important role in the HAV life cycle by limiting HAV protein
expression and thereby decreasing virus replication and virus-
induced cytopathogenicity (27).
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